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ABSTRACT: The proteinase of the equine infectious anemia virus (EIAV), a lentivirus closely related to 
human immunodeficiency virus (HIV), was purified from concentrated virus. The specificity of the enzyme 
was characterized using oligopeptides representing naturally occurring cleavage sites in the Gag and Gag- 
Pol polyproteins. The length of the substrate binding pocket was found to be 1-2 residues longer than that 
of HIV proteinases. Although the EIAV and HIV proteinases cleaved most of the peptides at  the same 
bond, some were hydrolyzed by only the EIAV enzyme. Oligopeptides representing cleavage sites in the 
nucleocapsid protein were also found to be substrates of the EIAV proteinase. However, these peptides 
were not hydrolyzed by the HIV proteinases. While peptides representing the corresponding sequences in 
the first cysteine arrays of the nucleocapsid proteins of HIV-1 and HIV-2 were substrates of the proteinases, 
peptides representing the homologous sequences in the second Cys arrays were resistant against the proteolytic 
attack. A three-dimensional model of the EIAV proteinase built on the basis of homology with HIV-1 
proteinase was used to interpret the differences. In addition to the oligopeptides representing cleavage sites 
in the Gag and Gag-Pol polyproteins, the EIAV proteinase was also able to cleave an oligopeptide mimicking 
a cleavage site in the transmembrane protein. Our results suggest that the specificity of lentiviral proteinases 
share common characteristics, although substantial differences may exist in hydrolysis of some peptides. 

Retroviral proteinase (PR)' plays a crucial role in the virus 
life-cycle by processing the Gag and Gag-Pol polyproteins of 
immature virions [for review see Krausslich and Wimmer 
(1988), Skalka (1989), Hellen et al. (1989), Oroszlan and 
Luftig (1990), Oroszlan and TBzskr (1990), and Kay and 
Dunn (1990)l. The proteinases of human immunodeficiency 
virus type-1 (HIV-1) and type-2 (HIV-2) have beenintensively 
studied, as potential targets for chemotherapy. However, the 
proteinase of other lentiviruses has not been as extensively 
characterized. 

Equine infectious anemia virus (EIAV) has been classified 
as a lentivirus (Gonda et al., 1978). It is closely related to 
HIV, on the basis of similar morphology [for review, see Gonda 
et al. (1988)], sequence, and genomic organization (Chiu et 
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al., 1985, Rushlow et al., 1986; Stephens et al., 1986). The 
primary structure of the proteinase region of EIAV also shows 
a strong homology to the HIV proteinases (Weber, 1989). 
EIAV is the only lentivirus, for which capsid preparation has 
been developed (Roberts & Oroszlan, 1989); therefore, it is 
an important model of HIV. During EIAV capsid incubation, 
further proteolytic cleavage of the nucleocapsid (NC) protein 
was observed, and the viral proteinase was suggested to be 
responsible for these cleavages (Roberts & Oroszlan, 1989). 
The cleavage sites were determined by N-terminal amino acid 
sequencing and C-terminal analysis of the cleavage products 
and were found to be between cysteines and aromatic amino 
acid residues in the two cysteine arrays. On the basis of these 
findings, a novel function of the retroviral proteinase has been 
suggested (Roberts & Oroszlan, 1990; Roberts et al., 1991). 
Preliminary experiments indicate that the in situ cleavage of 
the NC protein is not a unique characteristic of the EIAV 
capsid; it also occurs in other retroviral cores (Roberts et al., 
1991; and unpublished data). 

While the viral proteinase is responsible for the processing 
of the Gag and Gag-Pol polyproteins, the Env polyprotein is 
cleaved into the functional surface glycoprotein (SU) and 
transmembrane (TM) protein by a cellular proteinase (Hunter 
& Swanstrom, 1990). Cell culture studies have shown that 
the EIAV TM protein is further processed into a glycoprotein 
traversing the membrane and a C-terminal protein located at 
thecytoplasmic side (Rice et al., 1990). Although thecleavage 
site is an unusual one (-His*Leu-), it was suggested that the 
viral proteinase was involved (Rice et al., 1990). This is similar 
to the processing of the cytoplasmic domain of murine leukemia 
virus transmembrane protein by the viral proteinase during 
virus maturation (Schultz & Rein, 1985). 

Since the EIAV system is used as a model for HIV, it is 
important to characterize the specificity of EIAV PR and 

0006-2960 I93 10432-3347%04.00/0 I ,  , 0 1993 American Chemical Society 



3348 Biochemistry, Vol. 32, No. 13, 1993 

determine its similarity to and difference from that of HIV 
proteinases. Therefore, we purified the EIAV PR from virus, 
determined the required length of a peptide to be a good 
substrate of the enzyme, and compared the specificity of EIAV 
PR to that of HIV proteinases using oligopeptides representing 
the naturally occurring EIAV cleavage sites (Henderson et 
al., 1987). It was also our aim to investigate the in vitro 
processing of various oligopeptides representing determined 
cleavage sites in the nucleocapsid protein of EIAV and 
predicted sites for HIV-1 and HIV-2 (Roberts et al., 1991). 
A peptide representing the observed cleavage site in the 
transmembrane protein of EIAV (Rice et al., 1990) and several 
peptides from the predicted cleavage site region at the junction 
of reverse transcriptase (RT) and RNase H domains of both 
EIAV and HIV were also studied. The substrate kinetic 
measurements were analyzed with respect to the molecular 
model of EIAV PR. The details of this model are described 
in the following paper (Weber et al., 1993). 

MATERIALS AND METHODS 

Retroviral Proteinases. EIAV PR was purified in the 
following way: EIAV (Wyoming strain) was grown in 
chronically infected canine thymus (Cf2Th) cells and purified 
by sucrose density gradient centrifugation as previously 
described (Charman et al., 1976). Double banded concen- 
trated virus was supplied by the Biological Product Laboratory, 
NCI-Frederick Cancer Research and Development Center, 
Frederick, MD. An aliquot of the concentrated (5000~) 
suspension of purified virus (1.2 mg/mL) in 10 mM Tris- 
HCl, pH 7.2, containing 1 mM EDTA and 100 mM NaCl, 
was disrupted by the addition of an equal amount of 20 mM 
Pipes, pH 7.0, containing 1 mM EDTA, 100 mM NaCl, 10% 
glycerol, 5% ethylene glycol, 0.5% Nonidet P-40, and 10 mM 
dithiothreitol (DTT). Proteinase activity was measured from 
this solution. The EIAV PR was purified from the virus by 
reversed-phase high-performance liquid chromatography (RP- 
HPLC). In a typical run, an equal amount of 8 M guanidine 
hydrochloride was added to 1 mL of 5000x concentrated virus, 
and the solution was acidified to pH 2 by the addition of 
trifluoroacetic acid (TFA). This solution was applied to a 
Vydac Protein Cq column, and proteins were separated by 
RP-HPLC as previously described (Henderson et al., 1987). 
After lyophilization of the HPLC fractions, the proteinase 
was refolded in 200 pL of 20 mM Pipes-HC1 buffer, pH 7.0, 
containing 10% glycerol, 5 mM DTT, 100 mM NaCl, and 
0.5% NP-40. The fraction having the highest activity was 
used in the proteinase assays. Protein concentration was 
determined according to Bradford (1 976). SDS-polyacry- 
lamide gel electrophoresis was performed according to Laem- 
mli (1970) and immunoblotting according to Towbin et al. 
(1979). 

Purified recombinant HIV- 1 PR expressed in Escherichia 
coli was available from previous studies (Louis et al., 1989; 
Wondraket al., 1991). HIV-2PR waschemicallysynthesized 
using solid-phase peptide synthesis (Copeland & Oroszlan, 
1988) and then purified and refolded as described previously 
(T6zsQ et al., 1992). 

Active-site titration of the enzymes was performed using 
a phosphinic acid-type substrate based inhibitor [compound 
3 in Grobelny et al. (1 990)]. The Ki values were 0.4 nM for 
both HIV-1 PR and HIV-2 PR and 0.2 nM for EIAV PR. 

Oligopeptide Substrates. Oligopeptides were synthesized 
by solid-phase peptide synthesis on a Model 430A automated 
peptide synthesizer (Applied Biosystems, Inc.) or a semiau- 
tomatic Vega peptide synthesizer (Vega-Fox Biochemicals) 
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using tert-butoxycarbonyl chemistry and purified by RP- 
HPLC (Copeland & Oroszlan, 1988). Amino acid compo- 
sitions of the peptides were determined by amino acid analysis 
on either a Durrum D-500 or a Waters Pico-Tag analyzer. 
Stock solutions and dilutions were made in distilled water or 
in 10 mM DTT, and the proper peptide concentration was 
determined by amino acid analysis. 

Enzyme Assay. The assays were performed in 0.25 M 
potassium phosphate buffer, pH 5.6, containing 7.5% glycerol, 
5 mM DTT, 1 mM EDTA, 0.2% Nonidet P-40, and 2 M 
NaCl as previously described (Tiizstr et al., 1991a,b, 1992). 
The reaction mixture was incubated at 37 OC for various time 
intervals and was stopped by the addition of guanidine 
hydrochloride (6 M final concentration). The solution was 
acidified to pH 2 by the addition of TFA and injected onto 
a Nova-Pak C18 reversed-phase chromatography column (3.9 
X 150 mm) using a WISP 710A automatic injector (both 
from Waters Associates, Inc.). Substrates and the cleavage 
products were separated using acetonitrile gradient (0-1 00%) 
in water, in the presence of 0.05% TFA. The cleavage of 
peptides was monitored at 206 nm, and the peak areas were 
integrated using Waters 745B data module. Amino acid 
analysis of collected peaks was used to confirm the cleavage 
sites in the substrates. When required, sequence analysis was 
carried out to verify the cleavage site. The substrate 
concentrations used for the kinetic measurements were in the 
range of 0.02-3 mM, depending on the approximate Km values. 
Kinetic parameters were determined at less than 20% substrate 
turnover (using 1-4-h incubation time depending on thedegree 
of hydrolysis) by fitting the data to the Michaelis-Menten 
equation using the Gauss-Newton method. The computer 
program (Enz 5.0) was written and kindly provided by M. 
Fivash and J. Racheff of the Data Management Services, 
Inc., NCI-FCRDC, Frederick, MD. The asymptotic standard 
errors were below 20%. Substrate hydrolysis followed 
Michaelis-Menten kinetics in the concentration range of 
substrates used. 

Molecular Modeling. The molecular model of EIAV PR 
was built as described in the following paper (Weber et al., 
1993). The computer graphics program FRODO (Jones, 
1978) was run on an Evans and Sutherland computer graphics 
system PS 390 or on an ESVlO to display the model structure 
for interpretation of peptide cleavage measurements. 

RESULTS AND DISCUSSION 

Purification of the EIAV Proteinase. EIAV PR was 
purified by RP-HPLC (Figure 1) and refolded as described 
in Materials and Methods. In a typical experiment, the 
recovered activity was 37%. The proteinase eluted at 44% 
acetonitrile, in front of p26. The increase in specific activity 
compared to the disrupted virus was 24-fold. SDS-poly- 
acrylamide gel electrophoresis showed a single band migrating 
as an -12-kDa protein (Figure 2) in agreement with the 
theoretical molecular weight based on 104 amino acid residues 
(Roberts et al., 1993). In a separate immunoblotting exper- 
iment the protease fraction reacted with anti-EIAV PR 
antibody (kindly provided by Dr. N. Rice), produced against 
a synthetic peptide representing the C terminus of the 
proteinase (data not shown). 

Dependence of the Substrate Hydrolysis on the Substrate 
Length. The nonapeptide substrate, H-Val-Ser-Gln-Asn- 
Tyr*Pro-Ile-Val-Gln-NH2 mimicking the cleavage site be- 
tween the MA and CA proteins of HIV-1 (SP-21 l ,  asterisk 
indicates the site of cleavage) was found to be a good substrate 
not only for HIV-1 and HIV-2 proteinases (Copeland & 
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FIGURE 1 : Purification of EIAV proteinase fromvirus by RP-HPLC. 
Proteolytic activity of the fractions after refolding was assayed using 
an oligopeptide representing the MA/CA cleavage site in HIV-1 
(SP-211). Gag proteins p l l  (NC), p9, p26 (CA), and p15 (MA) 
have been identified by SDS-polyacrylamide gel electrophoresis. 
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FIGURE 2: SDS-polyacrylamide gel electrophoresis of purified EIAV 
proteinase. Lanes as indicated. Molecular size markers (M): 46K, 
ovalbumin; 30K, carbonic anhydrase; 21.5, trypsin inhibitor; 14.3K, 
lysozyme; 6.5, aprotinin; 3SK,  insulin (b) chain. 

Table I: Dependence of the Substrate Hydrolysis by EIAV PR on 
the Substrate Length 

K m  kcat kcat/Km ICSO‘ 
peptide (mM) (s-l) (mM-l s-l) (mM) 

1. VSQNY*PIVQb 0.31 3.7 11.9 
2. SQNY*PIVQ 2.2 1.7 0.8 
3. QNY*PIVQC <o.o 1 NDd - 1 Se 

5. SQNY*PIVe <0.01 N D  0.27 
4. VSQNY*PIV 0.04 0.4 10.0 

‘ ICs0 values were measured as inhibition of the cleavage of SP-211. 
Substrate previously designated as SP-211 representing the cleavage 

site between the matrix and capsid proteins in HIV-1 (Copeland & 
Oroszlan, 1988). The actual or expected cleavage sites are indicated by 
asterisks. e The degree of hydrolysis of these peptides was very small 
during a 24-h incubation. Other shorter peptides which were tested from 
the complete series (T6zsCr et al., 1991b), but were not hydrolyzed by 
EIAV PR during a 24-h incubation: QNY *PIV, VSQNY *PI, SQNY *PI, 
QNY *PI, VSQNY *P. Not determined. e This peptide gave -50% 
inhibition at 1.5 mM, the highest concentration used. 

Oroszlan, 1988) but also for EIAV PR (Copeland et al., 1990). 
A series of sequentially shortened analogs of SP-211 was used 
to study the effect of substrate length on peptide hydrolysis 
by EIAV PR (Table I). The same series was previously used 
to study the substrate binding sites of HIV-1 PR and HIV-2 
PR (TozsCr et al., 199 1 b). The removal of the P5 Val [notation 
according to Schechter and Berger (1967)l resulted in a 
dramatic increase in Km value and the decrease of kcat. A 
similar increase in Km was observed with HIV proteinases, 
but due to the concomitant increase of kcat the specificity 
constants (kcat/Km) did not decrease dramatically (TbzsCr et 

al., 1991b). The removal of P4’ Gln (peptide 4) resulted in 
a substantial decrease in both the Km and kcat values in such 
a way that the specificity constant remained similar to the 
original value obtained with the nonapeptide. The further 
stepwise removal of the P4 Ser and P4’ Gln of peptide 2 (Table 
I) resulted in peptide 3 and 5 ,  respectively, which were very 
inefficient substrates for EIAV PR (Table I). The same 
peptides were previously found to be hydrolyzed by both HIV- 1 
and HIV-2 proteinases a t  a reasonable rate (TbzsCr et al., 
1991b). Truncated peptides 3 and 5 inhibited the cleavage 
of the nonapeptide SP-211 by EIAV PR. The ICs0 values for 
those peptides shown in Table I suggest that the lack of 
hydrolysis is due to nonproductive binding, as found for HIV 
proteinases with shorter peptides (TbzsCr et al., 1991 b). 
Together, the results suggest that the substrate binding site 
of EIAV PR may be somewhat more extended than the binding 
site of HIV proteinases. 

On the basis of molecular modeling, the overall structure 
of EIAV PR is predicted to be similar to that of HIV 
proteinases. The most significant exception is the presence 
of additional residuzs in the region leading to the tip of the 
flap and the turn between HIV-1 strands a’ and b’ (Weber 
et al., 1993). In this region the EIAV PR more closely 
resembles the Rous sarcoma virus (RSV) PR in which the 
region leading to the flap is also extended by 5 residues as 
compared to HIV proteinases. The molecular model of RSV 
PR (Grinde et al., 1992) and EIAV PR (Weber et al., 1993) 
suggested that these additional residues form part of the 
subsites S4 and S4’ and provide interactions with longer 
substrates. This would explain the preference of EIAV PR 
for a longer substrate, extending P5 to P4’ (Table I) compared 
to the six-to-seven-residue minimal length (P4 to P3’) for 
substrates o f  HIV proteinases (Darke et al., 1988; Moore et 
al., 1988; TozsCr et al., 1991b). It should be pointed out that 
avian myeblastosis virus (AMV) PR also appears to have a 
longer substrate recognition site: removal of the P5 residue 
from a substrate reduced the relative activity about half, and 
the additional stepwise removal of P4 and P3’ residues resulted 
in nonhydrolyzable peptides (Strop et al., 1991). 

Hydrolysis of Oligopeptides Representing Naturally Oc- 
curring Cleavage Sites at the Junctions of Functional Domains 
of the Gag and Gag-Pol Polyproteins by EIAV Proteinase. 
Equal length oligopeptides (all decapeptides) representing 
determined cleavage sites in the Gag and Gag-Pol polyproteins 
of EIAV (see Figure 3) (Henderson et al., 1987; Roberts et 
al., 1993) were studied as substrates of EIAV PR and also for 
comparison as substrates of HIV-2 PR (Table 11). Except for 
the peptide representing the pl5@/IN cleavage site, all were 
substrates of the  EIAV PR. Besides the  oligopeptides 
representing cleavage sites in its own Gag-Pol polyprotein, 
EIAV PR can cleave all nine representative peptides mimicking 
HIV-1 Gag-Pol cleavage sites, and previously found to be 
substrates of both HIV-1 PR and HIV-2 PR (TozsCr et al., 
1991a),at thesamesitesas theHIVenzymes (data not shown). 
On the other hand, three peptides representing EIAV cleavage 
sites were not substrates for HIV proteinases (Table 11). The 
most dramatic difference is with peptide 4 (NC/p9 cleavage 
site, see also Figure 3), which is an excellent substrate of 
EIAV PR but is not hydrolyzed by HIV-2 PR. This is probably 
due to the far higher preference for Thr at P2 position by 
EIAV PR as compared to HIV proteinases (Weber et al., 
1993; TbzsCr et al., 1992) and a preference for Lys at P4. The 
residues at positions P3 to P3’ of peptide 4 are among those 
that form the  best substrates for EIAV PR in the tested series 
of single amino acid substitutions of SP-211 (Weber et al., 
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FIGURE 3: Cleavage sites in EIAV Gag-Pol polyproteins. The cleavage sites are taken from Henderson et al. (1987) and Roberts et al. (1993). 
The putative cleavage site between the RT and N-terminal side of the RNase-H domain (site 9) has not been determined by sequencing of 
the viral proteins. 

Table 11: 
Gag-Pol Polyproteins of EIAV' 

Kinetic Parameters Obtained for EIAV and HIV-2 Proteinases Using Oligopeptide Substrates Representing Cleavage Sites in Gag and 

EIAV PR HIV-2 PR 

place of cleavage sequence of peptide Km (mM) kcat (s-') Km (mM) kcat 
1. MA JCA 
2. CA JX 
3. XJNC 
4. NC Jp9 
5 .  TFJPR 
6. PR JRT 
7. RTJpl5@ 
8. ~ 1 5 p ~ / I N  

PSEEY *PIMID 
QKMML*LAKAL 
LAKAL*QTGLA 
QKQTF*PIQQK 
GQFVG*VTYNL 
AKLVL*AQLSK 
KEEIM*LAYQG 
STGVF*WVENI 

0.08 6.1 
<0.03 1.3 

NDb <0.02 
0.27 10.4 
ND <0.01 
0.02 0.4 

<0.03 2.5 
not hydrolyzedC 

0.8 3.0 
<0.3 0.4 

not hydrolyzedC 
not hydrolyzedC 
not hydrolyzed' 

0.02 0.7 
<0.03 0.5 

not hydrolyzedc 
~~ 

a Cleavage sitesare taken from Henderson et al. (1987) (sites 1, 2, 3, and 4) and Roberts et al. (1993) (sites 6, 6, 7, and 8). The cleavage sites 
found by sequencing of the viral protein products are marked with asterisk. If the peptide representing the naturally occurring cleavage site was 
hydrolyzed, the cleavage site in the peptide was found to be the expected one on the basis of amino acid analysis of the cleavage products. ND, not 
determined. These WDtides were not hydrolyzed during a 24-h incubation with the enzyme. 

1993). Analysis of the molecular model of EIAV PR and the 
activity toward peptides with single amino acid substitutions 
in the SP-211 peptide have shown that EIAV PR and HIV-1 
PR differ most in the preferences for the P4 and P2 positions. 
Peptides 1 (MA/CA) and 7 (RT/pl5pol) are substantially 
better substrates for EIAV PR than for HIV-2 PR, and both 
contain Glu at positions P2 and P3 or P3 and P4 (Table 11). 
These differences may be explained by the presence of the 
neutral residue Thr 30 in subsites S4 and S2 of EIAV PR, 
instead of the negatively charged Asp 30 in HIV PR which 
would be unfavorably close to Glu at P4 or P2. The results 
obtained with the peptides representing EIAV and HIV- 1 
Gag-Pol cleavage sites suggest that the substrate specificity 
of EIAV PR is broadef than that of HIV PRs. 

In general, oligopeptides representing naturally occurring 
cleavage sites at the junctions of functional protein domains 
of HIV-1, HIV-2, bovine leukemia virus (BLV), AMV, and 
mouse mammary tumor virus (MMTV) polyproteins were 
found to be substrates of the respective proteinases (Darke et 
al., 1988; Tozstr et al., 1991a; Andrelnsky et al., 1991; Strop 
et al., 1991; Menendez-Arias et al., 1992). Using EIAV PR 
with peptides mimicking EIAV Gag-Pol cleavage sites (Table 
11), there was a great variation in the observed values of Km 
(0.02-0.27 mM) and kat (0.01-10.1 s-l). Similar results were 
obtained for the HIV- 1 cleavage sites/HIV- 1 PR and HIV-2 
cleavage sites/HIV-2 PR systems (TozsCr et al., 1991a). 

The cleavage sites of the immunodeficiency viruses as well 
as other retroviral cleavage sites have been classified on the 
basis of amino acid sequence around the scissile bond 
(Hendersonetal., 1988;Pettitetal., 1991). Sincethecleavage 
site at the amino terminus of the capsid (CA) protein is always 
a type 1 site having Pro at the P1' position, a specific function 
has been suggested (Oroszlan et al., 1978; Oroszlan & Gilden, 
1979; Pettit et al., 1991). It is of interest to note that in 
homologous systems of EIAV (Table 11) HIV-1 and HIV-2 
(TozsCr et al., 1991a), BLV (Andreansky et al., 1991; Blaha 
et al., 1992), and MMTV (Menendes-Arias et al., 1992) the 
peptides representing these cleavage sites are usually among 
the best substrates. However, neither the location in the 

Table 111: Proteolytic Processing of Oligopeptides Representing 
Determined or Predicted Cleavage Sites in the Nucleocapsid Protein 
of EIAV, HIV-1, and HIV-2 

location of EIAV-PR 
cleavage site sequence of peptide Km (mM) kcat (s-l) 

EIAV NC-1' AAQTC*YNCGK 0.35 0.2b 
EIAV NC-2' APKVC*FKCKQ 0.6 0.26 
HIV-1 NC-1' KMVKCF*NCGK 0.47 1.2d 
HIV-2 NC-1' KPIKCW*NCGK 0.02 0.02c 
' Cleavage site in the first Cys array (Roberts et al., 1991). These 

peptides were not hydrolyzed by the HIV-1 PR or HIV-2 PR. Cleavage 
site in the second Cys array (Roberts et al., 1991). This peptide was 
also hydrolyzed by HIV-1 PR, with a kat value ef 0.01. This peptide 
was also hydrolyzed by HIV-2 PR, with a &at value of 0.01. 

polyprotein nor the type of cleavage site shows obvious 
correlation with the kinetics of the respective peptide hy- 
drolysis. 

Hydrolysis of Oligopeptides Having the Sequence of 
Nucleocapsid Protein Cleavage Sites. Oligopeptides (EIAV 
NC-1 and NC-2) having the sequence of the cleavage site in 
the first and second cysteine arrays of the nucleocapsid protein 
of EIAV (Roberts et al., 1991) were studied as substrates for 
EIAV PR and HIV proteinases (Table 111). These peptides 
were hydrolyzed at the expected -Cys*Tyr- and -Cys*Phe- 
bonds. SP-346, a specific retroviral PR inhibitor (Copeland 
et al., 1990), inhibited these cleavages. The kinetic parameters 
for the hydrolysis of these peptides are listed in Table 111. A 
longer peptide representing the C-terminal part of the N C  
protein including the complete second Cys array was also 
synthesized (APKVC*FKCKQPGHFSKQCRSVPKN- 
GKQGAQGRPQKQTF) and was found to be hydrolyzed by 
the EIAV PR at the -Cys*Phe- bond (data not shown). On 
the other hand, none of the EIAV "NC peptides" were cleaved 
by either HIV-1 PR or HIV-2 PR (kwt values are estimated 
to be less than 0.01 s-l). This is predicted to be at least partly 
due to the large difference for the preference at the P4 and 
P2 positions: both Thr and Val are far better accommodated 
in the S2 pocket of EIAV PR than in that of HIV proteinases, 
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B - SP-2064 
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FIGURE 4: (A, top) Sequence of the segment of reverse transcriptase 
of HIV- 1 ~ ~ 1 0 ,  HIV-~NIHZ, and EIAVCG containing the determined 
and predicted cleavage sites to produce RNase H. SP-2051, SP- 
2064: oligopeptides representing thecleavage sitein HIV- 1 and HIV-2 
reverse transcriptase, found to be hydrolyzed by both HIV-1 and 
HIV-2 proteinases (Tozser et al., 1991a). (B, bottom) Among the 
peptides representing the homologous region and its surroundings in 
EIAV, only SP-2197 \;as hydrolyzed by EIAV and HIV PRs. The 
RP-HPLC profile of the reaction mixturecontaining 0.4 mM substrate 
is shown after 18 h of incubation at 37 O C  in the absence (at left) 
and presence (at right) of 6 nM EIAV PR. Peaks were identified 
by amino acid analysis as follows: 1, YVTS; 2, NGEGIAA; 3, 
NGEGIAAY; S, NGEGIAAYVTS. 

while hydrophobic residues such as Ala, Val, and Ile are 
preferred in S4 (Weber et al., 1993). 

Oligopeptides representing analogous regions in the nu- 
cleocapsid proteins of HIVs (HIV-1 NC-1 and HIV-2 NC-l; 
Table 111) were also found to be hydrolyzed by HIV proteinases 
and EIAV PR; however, cleavage occurred at the -Phe*Asn- 
and -Trp*Asn-bonds instead of the predicted (Roberts et al., 
1991) -Cys*Phe- and -Cys*Trp-bonds. This “shift” may be 
partially due to the presence of Lys adjacent to Cys (see Table 
111). Substitution of Asn with Lys at the P2 position of 
substrate SP-211 prevented hydrolysis by HIV proteinases 
(Tiizstr et al., 1992) and also by EIAV PR (Weber et al., 
1993). On the other hand, while replacement of the P1 Tyr 
to Cys produced an inefficient substrate of both HIV PR and 
EIAV PR (Tozstr et al., 1992; Weber et al., 1993), at P2 
position it fits very well in the pocket of EIAV and HIV 
proteinases and forms a better substrate for EIAV PR 
compared to HIV PR (Weber et al., 1993). However, it should 
be pointed out that intramolecular interactions between 
adjacent side chains of the substrates may also contribute to 
the specificity at a given subsite as described for HIV PR 
(Tozstr et al., 1992). 

Prediction of the Cleavage Site between Reverse Trans- 
criptase and RNase H Domains of EIAV. It has been found 
that there is an incomplete processing of the 66-kDa RT of 
HIV-1 resulting in the formation of a 52-kDa RT and the 
RNase H (Veronese et al,. 1986). Similar processing has 
been found in HIV-2 (DeVico et al., 1989) and in EIAV 
(DeVico et al., 1991; Roberts et al., 1993). The peptide 
representing the HIV-1 cleavage site has been found to be a 
substrate of HIV-1 PR and HIV-2 PR (Tozstr et al., 1991a) 
and can also be cleaved at the same site by EIAV PR (not 
shown). To determine the putative cleavage site in the EIAV 
RT, an oligopeptide was synthesized having the sequence of 
the region homologous to the respective HIV- 1 sequence (SP- 
2077) (Figure 4, top). However, this peptide was not a 

A 

FIGURE 5 :  Cleavage of the oligopeptide representing the transmem- 
brane protein cleavage site of EIAV by EIAV proteinase. The RP- 
HPLC profile of the reaction mixture containing 0.2 mM substrate 
is shown after 12 h of incubation at 37 OC in the presence of 5 nM 
purified EIAV PR and in the absence (A) and presence (B) of 20 
pM proteinase inhibitor (SP-346). Peaks were identified by amino 
acid analysis as follows: 1, AQHNIH; 2, LAGVT; S, AQH- 
NIHLAGVT. “I” marks the peak of inhibitor SP-346. 

substrate of EIAV PR. To study whether the surrounding 
sequences contain a cleavage site, two additional peptides (SP- 
2 196, SP-2197) were synthesized (Figure 4, top) and assayed 
as substrates for EIAV PR. One of them, SP-2197 was 
hydrolyzed at the -Ala*Tyr- bond as a major site (Figure 4, 
bottom). However, the recovery of a small amount of another 
product (NGEGIAAY) suggested an additional minor cleav- 
age at the -Tyr*Val-bond. Although HIV-2 PR cleaved the 
SP-2197 peptide only at the -Ala*Tyr-site, HIV-1 PR also 
produced the minor cleavage product (not shown), 

Retroviruses mutate at a very rapid rate (Holland et al., 
1982). Since the proteolytic processing of the Gag-Pol 
polyproteins is required for infectivity, not only should the 
proteinase region remain homologous but also mutations at 
the cleavage sites may result in noninfectious virions. There- 
fore, it is of interest to compare the exact location and sequence 
of the lentiviral cleavage sites. The strong homology between 
the HIV-1 and HIV-2 results in cleavage sites with homologous 
sequences at the junctions of major protein domains (Oroszlan 
& TozsCr, 1990). However, the position of the X/NC cleavage 
site (see Figure 3) seems to be shifted due to the substantial 
sequence divergence (Henderson et al., 1988). When we 
analyzed a putative cleavage site in the RT of EIAV, a similar 
shift was indicated: the putative EIAV cleavage site was found 
to be close and shifted downstream of the region homologous 
to the HIV-1 and HIV-2 RT cleavage sites. It is tempting 
to speculate that mutation of the P1 Phe to @-branched Ile 
prevented the substrate hydrolysis at the position equivalent 
to the cleavage sites of HIV-1 and HIV-2 since, as noted 
earlier, @-branched residues cannot occur at P1 positions of 
retroviral proteinases (Kotler et al., 1988; Phylip et al., 1990). 
We suggest that due to the selective evolutionary pressure the 
mutation of a glycine to alanine created another cleavage site 
nearby (see Figure 4, top). 

Cleavage of an Oligopeptide Representing the Cleavage 
Site in EIAV Transmembrane Protein. An oligopeptide 
representing the cleavage site in the TM protein of EIAV 
(Rice et al., 1990) has been synthesized (SP-1072, AQH- 
NIH*LAGVT). This peptide was hydrolyzed by the RP- 
HPLC-purified EIAV PR at the -His*Leu-bond (Figure 5). 
This cleavage was inhibited by SP-346, a specific inhibitor of 
HIV and EIAV proteinases (Copeland et al., 1990), indicating 
that the retroviral enzyme is responsible (Figure 5). In addition 
to the processing of the Gag-Pol polyproteins, recently other 
functions of the retroviral proteinase have been suggested, 
which include the cleavage of cellular proteins like vimentin 



3352 Biochemistry, Vol. 32, No. 13, 1993 

(Shoeman et al., 1990) and transcriptional factor NF-KB 
(Riviere et al., 1991). Studies of the processing of the 
transmembrane protein in EIAV suggested an additional role 
of PR in truncating the cytoplasmic domain, although the 
exact function of this truncation is not known (Rice et al., 
1990). The hydrolysis of the oligopeptide representing this 
cleavage site by purified EIAV PR and the inhibition of this 
cleavage by a specific inhibitor support the involvement of 
EIAV PR in this cleavage. It would be very interesting to see 
whether similar processing could occur in HIV transmembrane 
proteins, although the EIAV cleavage site peptide was not 
hydrolyzed by HIV proteinases. 

T6zs6r et al. 

CONCLUSIONS 

Our results suggest that lentiviral proteinases share common 
characteristics in their specificities. HIV-1 PR and HIV-2 
PR have shown similar specificities on various oligopeptides 
in our assay system (T6zstr et al., 1991a,b, 1992), although 
others found more dramatic differences using particular 
substrates or inhibitors (Tomasselli et al., 1990). As the 
divergence is increased between two proteinases, one would 
expect more substantial differences in kinetics of substrate 
hydrolysis, or even shifts in the site of cleavage. The proteinase 
of EIAV, a lentivirus, is still a close relative of the HIV 
proteinases and only 5 out of 20 residues differ in the predicted 
substrate binding region (Weber et al., 1993). In fact, these 
enzymes share many common characteristics in specificity. 
Although some of the peptides studied were hydrolyzed only 
by the EIAV PR (suggesting its broader specificity), if a 
peptide was hydrolyzed by both enzymes, the cleavage took 
place at the same bond. The molecular explanation of this 
phenomenon lies in the nature of the enzyme substrate 
interaction. Since about seven consecutive substrate residues 
are recognized by the enzyme, changes in one or in a few 
binding subsites of the enzyme due to mutations may alter but 
do not necessarily abolish the enzyme activity. This should 
be very advantageous for an enzyme encoded in rapidly 
mutating RNA. 

ACKNOWLEDGMENT 

We thank Nancy Rice for the EIAV proteinase specific 
antiserum, Cathy Hixson and Suzanne Specht for their help 
with the amino acid analysis, Ewald Wondrak and John Louis 
for the HIV- 1 proteinase, Patrick Wesdock for help in peptide 
synthesis, Kazunori Yoshimura for help with HPLC and 
electrophoresis, and Cheri Rhoderick for preparation of the 
manuscript. 

REFERENCES 

AndreBnsky, M., Hruikovl-Heidingsfeldovl, O., Sedllliek, J., 
Konvalinka, J., Bllha, I., JeEmen, P., Hoiejii, M., Strop, P., 
& Flbry, M. (1991) FEBS Lett. 287, 129-132. 

Bllha, I., Nemec, J., Tbzsbr, J., & Oroszlan, S. (1991) Znt. J. 
Pept. Protein Res. 38, 453-458. 

Bradford, M. M. (1 976) Anal. Biochem. 72, 248-254. 
Charman, H. P., Bladen, S., Gilden, R. V., & Coggins, L. (1976) 

J .  Virol. 19, 1073-1079. 
Chiu, I.-M., Yaniv, A., Dahlberg, J. E., Gazit, A., Skuntz, S. F., 

Tronick, S. R., & Aaronson, S. R. (1985) Nature 317, 366- 
368. 

Copeland, T. D., & Oroszlan, S. (1988) Gene Anal. Tech. 5, 

Copeland, T. D., Wondrak, E. M., Tbzsbr, J., Roberts, M. M., 
& Oroszlan, S. (1990) Biochem. Biophys. Res. Commun. 169, 
310-314. 

109-1 15. 

Darke, P. L.,Nutt,R. F., Brady,S. F.,Garsky,V. M., Ciccarone, 
T. M., Leu, C.-T., Lumma, P. K., Freidinger, R. M., Veber, 
D. F., & Sigal, I. S. (1988) Biochem. Biophys. Res. Commun. 

DeVico, A. L., Copeland, T. D., Veronese, F. D., Oroszlan, S., 
Gallo, R. C., & Sarngadharan, M. G. (1989) AIDS Res. Hum. 
Retroviruses 5, 5 1-60. 

DeVico, A., Montelaro, R. C., Gallo, R. C., & Sarngadharan, 
M. G. (1991) Virology 185, 387-394. 

Gonda, M. A. (1988) J. Electron Microsc. Tech. 8,  17-40. 
Gonda, M. A., Charman, H. P., Walker, J. L., & Coggins, L. 

(1978) Am. J. Vet. Res. 39, 731-740. 
Grinde, B., Cameron, C. E., Leis, J., Weber, I. T., Wlodawer, 

A., Burstein, H., & Skalka, A.-M. (1992) J. Biol. Chem. 267, 

Grobelny, D., Wondrak, E. M., Galardy, R. E., & Oroszlan, S. 
(1990) Biochem. Biophys. Res. Commun. 169, 11 11-1 116. 

Hellen, C. U. T., Krlusslich, H.-G., & Wimmer, E. (1989) 
Biochemistry 28, 9881-9890. 

Henderson, L. E., Sowder, R. C., Smythers, G. W., & Oroszlan, 
S. (1987) J. Virol. 61, 1116-1124. 

Henderson, L. E., Benveniste, R. E., Sowder, R., Copeland, T. 
D. Schultz, A. M., & Oroszlan, S. (1988) J. Virol. 62,2587- 
2597. 

Holland, J., Spindler, K., Horodyski, F., Grabau, E., Nichol, S., 
& VandePol, S. (1982) Science 215, 1577-1585. 

Hunter, E., & Swanstrom, R. (1990) Curr. Top. Microbiol. 
Immunol. 157, 187-253. 

Jones, A. T. (1 978) J. Appl. Crystallogr. 1 1 ,  268-272. 
Kay, J., & Dunn, B. M. (1990) Biochim. Biophys. Acta 1048, 

Kotler, M., Katz, R. W., Danho, W., Leis, J., & Skalka, A. M. 

Krlusslich, H.-G., & Wimmer, E. (1988) Annu. Rev. Biochem. 

Laemmli, U. K. (1970) Nature 227, 680-685. 
Leis, J., Baltimore, D., Bishop, J. M., Coffin, J., Fleissner, E., 

Goff, S. P., Oroszlan, S., Robinson, H., Skalka, A. M., Temin, 
H. M., & Vogt, V. (1988) J. Virol. 62, 1808-1809. 

Louis, J. M., Wondrak, E. M., Copeland, T. D., Smith, C. A., 
Mora, P. T., & Oroszlan, S. (1989) Biochem. Biophys. Res. 
Commun. 159, 87-94. 

Menendez-Arias, L., Young, M., & Oroszlan, S. (1992) J. Biol. 
Chem. 267, 24134-24139. 

Moore, M. L., Bryan, W. M., Fakhoury, S. A., Magaard, V. W., 
Huffman, W. F., Dayton, B. D., Meek, T. D., Hyland, L., 
Dreyer, G. B., Metcalf, B. W., Strickler, J. E., Gorniak, J. G., 
& Debouck, C. (1989) Biochem. Biophys. Res. Commun. 159, 
420425. 

Oroszlan, S., & Gilden, R. V. (1979) in Comprehensive Virology 
(Fraekel-Conrat, H., & Wagner, R. W., Eds.) Vol. 13, pp. 
1-35, Plenum Press, New York, NY. 

Oroszlan, S., & Luftig, R. B. (1990) Curr. Top. Microbiol. 
Zmmunol. 157, 153-185. 

Oroszlan, S., & Tbzsbr, J. (1990) Seminars Virol. 1, 369-378. 
Oroszlan, S., Henderson, L. E., Stephenson, J. R., Copeland, T. 

D., Long, C. W., Ihle, J. N., & Gilden, R. V. (1978) Proc. 
Natl. Acad. Sci. U.S.A. 75, 1404-1408. 

Pettit, S. C., Simsic, J., Loeb, D. D., Everitt, L., Hutchinson, C. 
A,, 111, & Swanstrom. R. (1991) J. Biol. Chem. 266, 14539- 
14547. 

Phylip, L. H., Richards, A. D., Kay, J., Konvalinka, J., Strop, 
P., Bllha, I., Velek, V., Kostka, V., Ritchie, A. J., Broadhurst, 
A. V., Farmerie, W. G., Scarborough, P. E., & Dunn, B. M. 
(1990) Biochem. Biophys. Res. Commun. 171, 439-444. 

Rice, N. R., Henderson, L. E., Sowder, R. C., Copeland, T. D., 
Oroszlan, S., & Edwards, J. F. (1990) J. Virol. 64, 3770- 
3778. 

Rivibre, Y., Blank, V., Kourilsky P., & Israel, A. (1991) Nature 
350, 625-626. 

Roberts, M. M., & Oroszlan, S. (1989) Biochem. Biophys. Res. 
Commun. 160, 486-494. 

156, 297-303. 

949 1-9498. 

1-18. 

(1988) Proc. Natl. Acad. Sci. U.S.A. 85, 4185-4189. 

57, 701-754. 



Substrate Specificity of EIAV Proteinase 

Roberts, M. M., & Oroszlan, S. (1990) in Retroviral Proteases. 
Control of Maturation and Morphogenesis (Pearl, L., Ed.) pp 
13 1-1 39, Macmillan Press, London. 

Roberts, M. M., Copeland, T. D., & Oroszlan, S. (1991) Protein 
Eng. 4,695-700. 

Roberts, M. M., Rice, N. R., Henderson, L. E., Copeland, T. D., 
TbzsCr, J., Kim, Y., Jahan, M., Volker, E. J., Hixson, C. V., 
& Oroszlan, S. (1993) (in preparation). 

Rushlow, K., Olsen, K., Stiegler, G., Payne, S. L., Montelaro, R. 
C., & Issel, C. J. (1986) Virology 155, 309-321. 

Schechter, I., & Berger, A. (1968) Biochem. Biophys. Res. 
Commun. 27, 157-172. 

Schultz, A., & Rein, A. (1984) Virology 145, 335-339. 
Shoeman, R. L., Honer, B., Stoller, T. J., Kesselmeier, C., Miedel, 

M. C., Traub, P., & Graves, M. C. (1990) Proc. Nutl. Acud. 
Sci. U.S.A. 87, 6336-6340. 

Skalka, A. M. (1989) Cell 56, 911-913. 
Stephens, R. M., Casey, J. W., & Rice, N. R. (1986) Science 

Strop, P., Konvalinka, J., Stys, D., Pavlickova, L., Bllha, I., Velek, 
J., Travnicek, M., Kostka, V., & Sedllliek, J. (1991) Bio- 
chemistry 30, 3437-3443. 

Swain, A. L., Miller, M. M., Green, J., Rich, D. H., Schneider, 
J., Kent, S. B. H., & Wlodawer, A. (1990) Proc. Natl. Acad. 
Sci. U.S.A. 87, 8805-8809. 

231, 589-594. 

Biochemistry, Vol. 32, No. 13, 1993 3353 

Tomasselli, A. G., Hui, J. O., Sawyer, T. K., Staples, D. J., 
Bannow, C., Reardon, I. M., Howe, W. J., Decamp, D. L., 
Craik, C. S., & Heinrickson, R. L. (1990) J.  Biol. Chem. 265, 

Towbin, H., Staehelin, T., & Gordon, J. (1979) Proc. Nutl. Acud. 
Sci. U.S.A. 76, 4350-4354. 

TdzsCr, J., Bllha, I., Copeland, T. D., Wondrak, E. M., & 
Oroszlan, S. (1991a) FEBS Lett. 281, 77-80. 

TdzsCr, J., Gustchina, A., Weber, I. T., Bllha, I., Wondrak, E. 
M., & Oroszlan, S. (1991b) FEBS Lett. 279, 356-360. 

TbzsCr, J., Weber, I. T., Gustchina, A., Bllha, I., Copeland, T. 
D., Louis, J. M., & Oroszlan, S. (1992) Biochemistry 31,4793- 
4800. 

Veronese, F. D., Copeland, T. D., DeVico, A. L., Rahman, R., 
Oroszlan, S., Gallo, R. C., & Sarngadharan, M. G. (1986) 
Science 231, 1289-1291. 

1461 5- 1468 3. 

Weber, I. T. (1989) Gene 85, 565-566. 
Weber, I. T., TbzsCr, J., Wu, J., Friedman, D., & Oroszlan, S. 

Wondrak, E. M., Louis, J. M., Mora, P. T., & Oroszlan, S. (1991) 

Zhang, Z.-Y., Reardon, I. M., Hui, J. O., OConnell, K. L., 
Poorman, R. A., Tomasselli, A. G., & Heinrikson, R. L. ( 199 1) 
Biochemistry 30, 8717-8721. 

(1993) Biochemistry (following paper in this issue). 

FEBS Lett. 280, 347-350. 


